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Abstract
The present study examined the way in which the perception of motion coherency depends on luminance contrast. Pseudo-plaid
patterns were presented to subjects who judged whether coherent motion or component motion of the Gabor patterns was
perceived. Michelson contrast, eccentricity, spatial separation, and angular separation between two groups of Gabor patches were
varied systematically. When the contrast was high, coherent motion perception was dominant in peripheral viewing but not in
foveal viewing. When the contrast was low, coherent motion was perceived at all eccentricities. Under low-contrast conditions and
with peripheral viewing, coherent motion was perceived over broader spatial areas and at wider angular separations. The contrast
dependency of motion coherency can be qualitatively explained in terms of the relative activity of hypothetical local-motion units
in area V1 and global-motion units in area MT of the visual cortex. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Because local-motion detecting units having a view
limited to local one-dimensional contour can detect
motion only in a direction perpendicular to that con-
tour, the output from these units does not correspond
to the direction of an object’s global-motion. This is the
so-called aperture problem [1,2], and the visual system
can solve it by using some form of spatial integration to
extract the direction of the motion of an object [3,4].
The spatial integration of local-motion signals has
been analyzed by using a moving plaid pattern [5,6]. A
typical plaid pattern is composed of the sum of two
moving cosine gratings at different orientations. Sys-
tematic analyses examining coherent motion perception
have been based on the assumption that the plaid
pattern captures key features of the issue of motion
integration in a simplified form.
Under some conditions the moving plaid pattern is
perceived to move coherently, and under other condi-
tions the components of the plaid are perceived to
move separately (motion transparency). The difference
of spatial frequency, contrast, orientation, color, stereo-
scopic depth, or perceived depth between component
moving gratings has been shown to determine whether
motion coherency is perceived [6–12]. Adelson and
Movshon [6] have proposed a two-stage model of mo-
tion integration, in which the first stage measures the
speeds of the 1D oriented components in the plaid
pattern and the second stage integrates these 1D ori-
ented speeds by using the intersection of constraints
(IOC) in velocity space in order to compute a 2D
motion vector.
Since a typical plaid pattern consists of two spatially
overlapped luminance-modulated first-order motions, it
necessarily contains second-order contrast-modulated
patterns [4]. It has been found that not only the first-or-
der components (1D vector components) of the moving
plaid but also the second-order components play a
critical role in the computation of direction and speed.
Recent studies have shown that the simple two-stage
model cannot by itself explain the psychophysical data
that has been obtained, and that processing streams for
the calculation of second-order motion components
must be included [4,13–19]. These studies have shown
that several different motion mechanisms both first-or-
der [20] and higher-order motion systems [21,22] con-
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Fig. 1. (A) A pseudo-plaid pattern consisting of Gabor patches (cosine wave gratings tapered in x and y by Gaussians) in which the overall patch
(the envelope) is stationary but the internal grating is drifted. Orthogonally oriented pairs of Gabor patches are arranged to form a plaid pattern
without intersections. (B) In this pseudo-plaid pattern, diagonally opposite pairs of Gabor patterns move in the same direction. The arrow
indicates the direction of motion of each Gabor patch. Coherent motion (in the directions indicated by grey arrows) is perceived under some
conditions, and component motion (in the directions indicated by black arrows) is perceived under other conditions.
tribute to determining the direction in which a plaid
pattern is perceived to be moving. In contrast to what
had been assumed in several previous studies, the mov-
ing plaid pattern is a rather complicated stimulus capa-
ble of activating several distinct hypothetical motion
systems simultaneously.
Because second-order components or image features
(e.g. blobs at the intersection of compound gratings)
are generated by the superposition of the components
of a standard plaid pattern, a novel pattern without
such superposition has been created [23–25]. De Valois
and De Valois [23] were the first to use a pseudo-plaid
pattern, within which there is no spatial overlap of two
gratings (Fig. 1). It consisted of Gabor patches (one-di-
mensional cosine wave gratings tapered in spatial di-
mension, x and y, by two-dimensional Gaussian) in
which the overall patch (the envelope) was stationary
but the internal grating was drifted in one direction or
the other. Pairs of Gabor patches oriented orthogonally
with respect to each other were arranged to form a
plaid pattern, but one without intersections. In their
pseudo-plaid pattern, diagonally opposite pairs of
Gabor patches move in the same direction. De Valois
and De Valois [23] found that even when there is no
global movement, under some circumstances one per-
ceives coherent motion similar to that of a standard
moving plaid. Because a pseudo-plaid does not contain
second-order motion components, the resulting percept
reflects the integration of first-order local-motion sig-
nals [23,25]. Therefore, by examining the conditions
under which coherent motion is perceived, we can
analyze how first-order local-motion signals are inte-
grated to induce the perception of global-motion.
It should be noted that while studies using the stan-
dard plaid patterns have focused on the integration of
local-motion signals at the same spatial location, stud-
ies using the pseudo-plaid pattern investigate how inte-
gration processes combine motion information over
non overlapping spatial locations. The processes under-
lying the perception of standard and pseudo-plaid pat-
terns may therefore be partially distinct, depending on
the assumed size of the spatial integration areas. The
fact that the pseudo-plaid pattern elicits the perception
of coherent motion suggests that there is a motion
receptive field large enough to spatially integrate sepa-
rated component motions by a pooling process, or that
some global process estimates a global-motion direction
from local signals [19,23,25]. The present study concen-
trated on examining the spatial integration process of
local first-order motion by using pseudo-plaid patterns.
A number of studies have examined how the perfor-
mance of various motion tasks depends on luminance
contrast [26–33]. In this study, we examined the effect
of luminance contrast on the perception of coherent
motion to understand the contrast characteristic of the
motion integration process.
Yo and Wilson [34] examined the effect of overall
contrast on the perceived direction of motion of a
standard Type II plaid pattern and found that the
perceived direction changes dramatically as contrast is
varied. Because a first-order motion system shows bet-
ter contrast sensitivity than does a second-order or
higher-order motion system [35–39], the findings of Yo
and Wilson [34] can be interpreted as indicating that
only the first-order motion system is functioning under
low-contrast conditions and that both first-order and
second-order systems are functioning when then con-
trast is high. It is therefore difficult to examine the
effect of contrast on the first-order motion integration
when using a standard plaid pattern because that kind
of pattern seems to activate both first-order and sec-
ond-order motion systems, especially under high-con-
trast conditions. This difficulty can be avoided by using
a pseudo-plaid pattern, which does not contain second-
order motion information. The experimental results
obtained when the overall contrast of a pseudo-plaid is
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varied are expected to reflect a contrast characteristic of
the first-order motion integration process.
2. Experiment 1
2.1. Subjects
Two subjects, MK and TT (the author), participated
in Experiments 1 and 2. MK was unaware of the
purpose and ongoing results of the experiments. A
second naive subject, MT, participated in Experiment 2.
All subjects had normal or corrected-to-normal vision.
2.2. Apparatus
Stimuli were generated on a workstation (Sun
SPARC station 10) with a frame-buffer (Graphica
FMMU 2088) and were displayed on a 21 in RGB
monitor (Cyuou-Musen CD B2120). The refresh rate of
the monitor was 60 Hz, and the spatial resolution was
10241024 pixels. The number of intensity levels avail-
able for each pixel was set to 13 bits by electronically
attenuating the RGB video outputs of the monitor to
retain full-intensity resolution while the dynamic range
of the video was reduced [40]. The monitor was cali-
brated with a TOPCON BM-5A luminance colorimeter,
and its output was linearized (gamma corrected) under
software control. For all experiments using luminance-
varying stimuli, the space-averaged chromaticity (CIE
1931) of the display was x0.27, y0.30. The average
luminance level of the display was 40.0 cd:m2. Viewing
was monocular from a distance of 114 cm. Viewing
distance and the position of the subjects were main-
tained by using a chin rest and a head rest.
2.3. Stimuli and procedure
The pseudo-plaid pattern consisted of four Gabor
patches [23], two with gratings at one orientation and
direction of movement, and two with another orienta-
tion and direction of movement (Fig. 1A). The diago-
nally opposite pairs of Gabor patches moved in the
same direction (Fig. 1B). In each Gabor patch, the
sinusoidal grating was windowed by a two-dimensional
Gaussian envelope with a space constant of 0.5°. The
gratings in the Gabor patterns were made to move
within the stationary envelope. The spatial frequency of
drifting grating was set to 3.0 cd and the temporal
frequency was set to 3.75 Hz (the resulting velocity was
1.25°:s). The pseudo-plaid consisted of two gratings
whose normal vectors were oriented symmetrically 
45 and 45° from the vertical axis. The angular sepa-
ration between different Gabors was thus 90°. The
starting phase of each grating was randomized at each
experimental trial. Although the two pairs of Gabor
patches moved in oblique directions (Fig. 1B), under
appropriate viewing conditions all four patches were
perceived to move upward (Fig. 1B, left) or downward
(Fig. 1B, right) coherently. The stimulus presentation
lasted 1 s. The contrast rose with a cosine time course
reaching full contrast at 100 ms, stayed constant for
800 ms, then fell with the same cosine time course over
the next 100 ms. The distance between the centers of
neighboring Gabor patches was set to 1.2°. To avoid
adaptation to motion, the moving direction of the
Gabor patches was reversed in alternate trials. The
Michelson contrast of the Gabor patches was varied
from 0.01 to 0.9, and all four patches always had the
same Michelson contrast.
Previous studies had indicated that the perception of
coherent motion was prominent in peripheral viewing
both for pseudo-plaid patterns [23] and for moving line
segments [41], so the stimulus in the present study was
located at three eccentricities: 0.0, 3.5, and 7.0°. The
eccentricity was defined as the distance between the
fixation point and the center of the pseudo-plaid pat-
tern. To keep the pattern from falling in the blind spot,
it was displayed on the temporal meridian, with right
eye viewing. And to avoid problems due to the lumi-
nance inhomogenuity of the CRT, the stimulus was
always presented at the same position (the center of the
CRT), and the fixation cross (11°) was displayed on
the corresponding point to vary the retinal eccentricity.
Subjects were instructed to stare at the fixation cross
during each trial.
Preliminary observations revealed that when the
Michelson contrast was low, sometimes only one or two
of the four Gabor patches were perceived. Therefore,
the subject’s task in each trial was to judge whether the
clear movement of all four Gabor patches was per-
ceived and, only when it was, to specify whether the
movement was coherent or not coherent by pressing a
button. In pilot experiments, both naive subjects prac-
ticed about 50 trials. Both subjects reported that the
perception of coherent motion was very clear and that
they had no difficulty in judging whether or not the
motion was coherent. This ease of judging motion
coherency in experiments with the pseudo-plaid pattern
was also reported [24]. Each experimental block con-
sisted of 80 trials: two repetitions of combinations of
the two motion directions (upward or downward) and
20 Michelson contrast values. In each block, the order
of presentation was pseudo-randomized. Each subject
completed four blocks for each eccentricity.
2.4. Results
Fig. 2a shows the results obtained under foveal view-
ing for two subjects. The percent response for each of
three categories ‘coherent motion perception’, ‘compo-
nent motion perception’, and ‘no clear motion percep-
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Fig. 2. (A) Results of Experiment 1 for two subjects (MK, TT) under foveal viewing. Percent responses for the perceived motion of the
pseudo-plaid are plotted as a function of Michelson contrast: No motion (triangles), not all of the Gabor patches were perceived to move.
Coherent motion (squares), all four Gabor patches were perceived to move in one direction. Component motion (circles), each Gabor patch was
perceived to move in a veridical direction. (B) Results under the eccentricity of 3.5°. (C) Results under the eccentricity of 7.0°.
tion’ are plotted as a function of luminance contrast. At
the lowest contrast, the pattern was not perceived
clearly, and the subjects’ usually categorized their per-
ception as ‘no clear motion perception’: 88% for MK
and 69% for TT. At higher contrasts, the whole pattern
was perceived to move coherently in one direction
(upward or downward). For both subjects, this percep-
tion of coherent motion became prominent at Michel-
son contrasts between 0.02 and 0.05: for MK 90% at
0.02 and for TT 100% at 0.04. The perception of
coherent motion disappeared with further increases in
contrast, and each component of the pseudo-plaid pat-
tern was perceived to move in a direction perpendicular
to its orientation. Coherent motion was rarely perceived
at contrasts above 0.1.
Fig. 2B, C show the results obtained under peripheral
viewing, when the distance between the fixation point
and the center of the pseudo-plaid pattern was either
3.5° (Fig. 2B) or 7.0° (Fig. 2C). Again, the pseudo-plaid
pattern was hard to see at very low contrasts and each
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Fig. 2. (Continued)
patch came to be perceived to move coherently as
contrast increased. At contrasts above 0.1 the pattern
was perceived by both subjects to move coherently in
most trials. These results differ from those obtained
under the foveal viewing condition in which the percep-
tion of component rather than coherent motion was
dominant at most contrast levels above 0.1. At very
high contrast, however, the frequency with which com-
ponent motion was perceived tended to increase when
the eccentricity was 3.5°. When the pattern was pre-
sented at the eccentricity of 7.0°, the perception of
coherent motion was dominant at the highest contrast
that could be displayed.
2.5. Discussion
The perception of coherent motion of the moving
pseudo-plaid pattern was found to depend on the over-
all stimulus contrast and on the eccentricity. At low to
intermediate contrast the perception of coherent motion
was dominant, but when the contrast was high the
direction of each moving Gabor patch was perceived
veridically. Coherent motion was reported more fre-
quently under peripheral viewing than under foveal
viewing. As previously noted, the pseudo-plaid pattern
has been considered to reflect the spatial summation of
local first-order signals [19,23,25]. The contrast depen-
dency found in Experiment 1 can thus be considered a
characteristic of a process of first-order motion
integration.
Lorenceau and Shiffrar [41] examined the effect of
luminance contrast on motion integration by using a
moving diamond-shaped line drawing behind an oc-
cluder. Finding that decreasing the luminance contrast
both at the terminators of the line drawing and over the
whole contour improved the judgement of motion di-
rection of line drawings, they argued that the motion
integration across space becomes more likely when the
motion of the terminators, which strongly constrains
the direction of global-motion, is relatively weak at low
contrast. Our results as well as those of Lorenceau and
Shiffrar clearly show that lowering the contrast induces
the perception of coherent motion. De Valois et al. [5]
first reported that the directionally selective cells of the
striate cortex of cat and monkey respond to the Fourier
components of the drifting plaid pattern (the sum of
two cosine gratings) and the checkerboard pattern (the
multiplication of two square-wave gratings), rather
than to the edges of these patterns. Movshon et al. [42]
confirmed their results and also found that many neu-
rons in area MT respond to the ‘pattern motion’ of the
moving plaid, which suggests that area MT contributes
to an integration of local-motion [43]. Although there
remains a possibility that these ‘pattern’ cells in area
MT respond only to a second-order contrast modula-
tion of a plaid pattern [44,45], other studies using a
global-dot motion stimulus have also shown that area
MT can be considered to be a site for motion integra-
tion [46–48]. Therefore, the cells in area MT might also
be concerned with the integration of a pseudo-plaid
pattern [25]. The question addressed here is whether the
known properties of these directionally selective mecha-
nisms can explain the results of Experiment 1.
Sclar et al. [49] showed that in macaque monkeys the
contrast response characteristics of V1 cells are quanti-
tatively different from those of MT cells. They reported
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that MT neurons typically respond to lower contrasts
than do most V1 neurons and that they also saturate at
a lower contrast. Similar results were obtained in hu-
man subjects when a fMRI or a MEG procedure was
used [50,51]. These results indicate the contrast gain for
area MT is higher than for the area V1.
Our results can, with several assumptions, be qualita-
tively explained by these contrast properties of V1 and
MT cells. The first assumption is that an output from a
hypothetical unit that elicits the perception of compo-
nent motion of a pseudo-plaid pattern reflects the am-
plitude of the responses of V1 cells and that an output
that elicits the perception of coherent motion of a
pseudo-plaid pattern reflects the amplitude of the re-
sponses of MT cells. We can call the first unit a
‘local-motion unit’ and the second unit a ‘global-mo-
tion unit’. The next assumption is that the final percept
of the pseudo-plaid pattern is determined by the rela-
tive levels of activity of the local-motion and global-
motion units determines. If the output of the
local-motion units exceeds that of the global-motion
units, an observer is expected to perceive component
motion. If instead the output of the global-motion units
is larger, then the observer is expected to perceive
coherent motion
Fig. 3A shows the hypothetical contrast response of a
local-motion unit and a global-motion unit and also
their difference. Under the assumptions noted above,
the hypothetical contrast response functions in Fig. 3A
were adapted from the actual contrast response of V1
and MT cells reported [49]. Eq. (1) describes the con-
trast response function approximated by the hyperbolic
ratio (Naka-Rushton equation):
Response(C)Rmax(Cn:(CnC50n )) (1)
Here C is the luminance contrast, C50 is the semi-satu-
ration contrast at which the response reaches half its
maximum value, n is the exponent that determines the
steepness of the curve, and Rmax is the maximum re-
sponse attainable.
In addition to making the two assumptions described
above, we further assume that the maximum response
amplitude (Rmax) of the local-motion unit (V1) is larger
than that of the global-motion unit (MT), since the
perception of component motion is a ‘veridical’ percep-
tion in the case of a pseudo-plaid pattern. The Rmax of
the global-motion unit was therefore reduced from the
reported value of 36.0 to 18.0. All parameters of the
contrast response function except Rmax of V1 cells are
from Table 1 of Sclar et al. [49].
Because we assume that the relative responses of
local-motion and global-motion units define the per-
cept, the sign of the vertical axis in Fig. 3A reflects
whether component or coherent motion is perceived. A
positive value indicates that the coherent motion is
expected to be perceived because the output of the
global-motion unit is larger than that of the local-mo-
tion unit, and a negative value indicates that the com-
ponent motion is expected because the output of the
local-motion unit is larger than that of the global-mo-
tion unit. We can make several predictions from the
difference between the contrast responses of local-mo-
tion and global-motion units shown in Fig. 3A: When
contrast is low neither local nor global-motion will be
perceived, at intermediate contrast the perception of
coherent motion will be dominant, and the perception
of component motion perception will become dominant
as contrast increases further. These predictions are
qualitatively consistent with the results of Experiment 1
under foveal viewing (Fig. 2A).
Fig. 3. (A) Hypothetical contrast response functions of a local-motion
unit (triangles) and a global-motion unit (squares), and of their
difference (circles) are plotted. The contrast response functions are
from the actual contrast response function of V1 and MT cells
reported by Sclar et al. [49]. All parameters of contrast response
function except the maximum attainable response (Rmax) of V1 cells
are from Table 1 of [49]. The Rmax of the global-motion unit was
reduced from the reported value of 36.0 to 18.0. Positive values on
the vertical axis indicate that the global-motion (motion integration)
is expected to be perceived. Negative values indicate that the compo-
nent motion is expected to be perceived. (B) The difference between
the contrast responses of local-motion and global-motion units was
calculated and plotted for both stimuli presented at the fovea (circles,
data from the Fig. 3A) and at the periphery (diamonds).
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The contrast sensitivity for a drifting sinusoidal grat-
ing decreases as a function of eccentricity [64]. This
relationship between contrast sensitivity and eccentric-
ity indicates that contrast response functions shift to
the right for peripheral vision, which leads to an in-
crease in the semi-saturation contrast. The semi-satura-
tion contrast (C50) of contrast response functions of
both local-motion and global-motion units Fig. 3A
were therefore tripled, and their difference was plotted
again in Fig. 3B (diamonds). The resulting curve is
consistent with the results of Experiment 1 under pe-
ripheral viewing (Fig. 2B, C). It predicts that coherent
motion perception is dominant at an intermediate con-
trast when the pattern is presented in the periphery, and
that at very high contrast there is little tendency to
perceive component motion. And contrast at which the
coherent motion perception becomes dominant in-
creases with more eccentric viewing.
3. Experiment 2
Experiment 1 has shown that for foveal vision coher-
ent motion perception is dominant when contrast is
low. At higher contrasts, however, the motion of each
Gabor patch is perceived. The results can be qualita-
tively explained if we assume that two kinds of motion
units that have different contrast response characteris-
tics are functioning and that the output from these
units induce motion perception in a competitive man-
ner. In Experiment 2, we examined several psychophys-
ical characteristics of motion integration under different
luminance contrasts.
First, we measured the maximum spatial area in
which coherent motion perception was obtained while
luminance contrast was varied. Since a pseudo-plaid
pattern consists of four spatially independent Gabor
patches, the spatial distance between each pair of
Gabor patterns can be manipulated independently. The
limit of spatial integration area for motion coherence
can, therefore, be measured by increasing the distance
between neighboring Gabor patches. The limit of the
spatial area for motion integration has not yet been
measured with a standard plaid pattern [19]. In Experi-
ment 2, we examined the relation between the maxi-
mum spatial separation for motion integration and
luminance contrast.
Second, we measured the maximum angular separa-
tion between neighboring Gabor patches in which co-
herent motion perception was obtained while we varied
the luminance contrast. In the previous experiment, the
angular difference between different local components
was fixed at 90°, which has been considered the maxi-
mum value at which motion coherency is perceived [9].
In Experiment 2 we measured the maximum angular
separation for motion coherence in order to find out
Fig. 4. (A) Schematic description of the stimuli used in Experiment 2
to evaluate the effect of the spatial separation. The spatial separation
between the neighboring Gabor patches, defined as the distance
between their centers, is 1.2° in the left image and 4.4° in the right
image. (B) Schematic description of the stimuli used in Experiment 2
to evaluate the effect of the angular separation between component
motions. The angular separation is 60° in the left image and 160° in
the right image.
whether the conjecture of Kim and Wilson [9] holds
true under other contrast conditions.
3.1. Methods
The general methods were almost the same as in
Experiment 1. In one set of measurements, the spatial
separation, defined as the distance between the center
of neighboring Gabor patches, was varied from 1.2–
4.0° in ten steps. Fig. 4A schematically shows the
spatial relationship between neighboring Gabor patches
under two conditions of spatial separation (1.2 and
4.0°). Michelson contrast was varied from 0.01 to 0.9 in
eight steps. The angular separation was fixed at 90°.
Each experimental block consisted of 160 trials: a com-
bination of the two motion directions (upward or
downward), eight Michelson contrast values, and ten
spatial separations. In each block the order of presenta-
tion was pseudo-randomized, and each subject com-
pleted ten blocks for each eccentricity (0.0, 3.5, and
7.0°).
In another set of measurements, the angular separa-
tion was varied from 60–160° in six steps. Fig. 4B
shows the motion direction of each Gabor patch when
the angular separation was 60 or 160°. Michelson con-
trast was varied from 0.01 to 0.64 in eight steps. The
spatial separation was fixed at 1.2°. Each experimental
block consisted of 96 trials: a combination of the two
motion directions (upward or downward), eight Michel-
son contrast values, and six spatial separations. In each
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Fig. 5. (A) Results of Experiment 2 at foveal viewing. The data from all three subjects are averaged, and percentages of each response are shown
as a function of spatial separation between neighboring Gabor patches and their Michelson contrast. The percent response was represented on
a gray-level scale, in which the black corresponds to 0% and white corresponds to 100%. (B) Results of Experiment 2 under the eccentricity of
3.5°. The arrows show the positions of functions replotted in Fig. 6A. (C) Results of Experiment 2 under the eccentricity of 7.0°.
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block the order of presentation was pseudo-random-
ized, and each subject completed ten blocks for each
eccentricity (0.0, 3.5, and 7.0°).
3.2. Results and discussion: effect of spatial separation
The results of the three subjects were averaged and
are shown in Fig. 5. Fig. 5A, B, C show the results for
foveal viewing, and for patterns located at eccentricities
of 3.5 and 7.0°. The panels in each figure show the
percentage responses regarding the perception of
pseudo-plaid pattern as a function of spatial separation
between neighboring Gabor patches and as a function
of their Michelson contrast. The percent response is
represented on a gray-level scale, in which black corre-
sponds to 0% and white corresponds to 100%. The data
shown in Fig. 2 corresponds to the vertical slices at 1.2°
of spatial separation from each panel.
As found in Experiment 1, the perception of coherent
motion depended on the stimulus contrast. The coher-
ent motion perception was dominant at the intermedi-
ate contrast range. As contrast increased further, the
perception of component motion was reported more
frequently.
The spatial separation limit for motion coherence
also depended on stimulus contrast (see the middle
panels of Fig. 5). Fig. 6 A shows examples of percent
response-spatial separation functions taken from the
middle panel of Fig. 5B. The positions of the functions
are shown by arrows in Fig. 5B. Fig. 6A clearly shows
that motion coherence was reported less at larger spa-
tial separation and higher contrasts. When the spatial
separation was 2.0°, for example, motion coherence was
perceived in 80% of the trials with a contrast of 0.08.
With a contrast of 0.6, however, coherent motion per-
ception was never perceived. The limit of spatial sepa-
ration was obtained by fitting a logistic function to the
curves shown in Fig. 6A (and the middle panels of Fig.
5, for all of the curves). The limit of spatial separation
was defined as the separation at which coherence was
perceived in 50% of the trials, and the estimated spatial
separation limits under all of the conditions examined
in the experiment are plotted in Fig. 6B.
The results in Fig. 6B show that the spatial separa-
tion limit depends on both luminance contrast and
eccentricity. The spatial separation limit-luminance
contrast functions form inverted V-shapes which shift
up and to the right as eccentricity increases. At each
eccentricity examined, the spatial separation limit in-
creased steeply to a maximum and then decreased
gradually. The smaller values of limit of spatial separa-
tion at the lowest contrast was from the decrease of the
overall percent response for motion coherence. In the
discussion of Experiment 1, the contrast dependence of
motion coherence was explained under the assumption
that the observer’s perception is determined by the
relative activities of the local-motion sensing system
and the global-motion sensing system. Since the con-
trast response function of the global-motion unit is
assumed to be steeper than that of the local-motion
unit (Fig. 3A), only the global-motion system might be
functioning when contrast is low. The gradual decrease
of the limit of spatial separation after its reached maxi-
mum in Fig. 6B can therefore be understood if we
assume that the activity of local-motion units exceeded
the activity of global-motion units as contrast
increased.
Fig. 6. (A) Percent coherence as a function of spatial separation. The
data is taken from the middle panel of Fig. 5B, where the positions of
the functions are shown by arrows. The symbols in the figure refer to
the different contrast: 0.08 (filled squares), 0.2 (circles), and 0.6 (filled
circles). (B) Estimated spatial separation limit as a function of
contrast under all of the conditions examined in Experiment 2. The
symbols in the figure refer to the different eccentricity where the
stimulus was located: 0.0° (circles), 3.5° (filled squares), and 7.0°
(triangles).
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Fig. 7. (Continued)
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Consequently, the maximum spatial separation (the
peak value of each curve in Fig. 6B) can be interpreted
as the size of the spatial region for the integration of
local-motion signals of the global-motion unit. The
maximum spatial separation increased as the eccentric-
ity increased: 2.2° at the fovea, 2.5° at an eccentricity of
3.5°, and 3.5° at an eccentricity of 7.0°. This increase of
spatial separation limit with increasing eccentricity has
already been reported by De Valois and De Valois [23].
They also suggested that the area of integration corre-
sponded to the known receptive field size of MT cells.
The receptive fields of MT cells are, at any given
eccentricity, larger than those of cells in the striate
cortex, and the size of those receptive fields increases
with increasing eccentricity [52–55]. If the maximum
spatial separation indeed reflects the spatial characteris-
tic of the global-motion unit, the increase of maximum
spatial separation limit with eccentricity might be a
result of the receptive field size of MT cells increasing
with eccentricity. If so, then not only the characteristics
of contrast response function but also a size of recep-
tive field of global-motion unit is an important factor
for the induction of the coherent motion percept at the
periphery, since the stimulus size was held constant in
the pseudo-plaid pattern.
3.3. Results and discussion: effect of angular separation
The results of the three subjects were averaged and
are shown in Fig. 7. The data shown in Fig. 2 corre-
sponds to the vertical slices at 90° of angular separation
from each panel. Other formats of the figure are the
same as in Fig. 5. The general tendency of the results
are quite similar to that in Fig. 5: as the contrast
increased the coherent motion percept became domi-
nant, component motion became dominant with further
increases in contrast, and the overall tendency to per-
ceive coherent motion increased as eccentricity
increased.
The limit of angular separation for motion coherency
depended on stimulus contrast (see the middle panels of
Fig. 7). Fig. 8A shows the functions taken from the
middle panel of Fig. 7B, in which the position of each
function is shown by an arrow. Fig. 8A clearly shows
that motion coherence was reported at larger angular
separations when the contrast was lower. When the
angular separation was 100°, for example, motion co-
herence was perceived in 90% of the trials at a contrast
of 0.08. When the contrast was 0.64, however, coherent
motion perception was perceived in only 10% of the
trials at the same angular separation.
Fig. 8. (A) Percent coherence as a function of angular separation. The
data is taken from the middle panel of Fig. 7B, where the positions of
the functions are shown by arrows. The symbols in the figure refer to
the different contrast: 0.08 (filled squares), 0.16 (filled circles), and
0.64 (circles). (B) Estimated angular separation limit as a function of
contrast under all of the conditions examined in Experiment 2. The
symbols in the figure refer to the different eccentricity where the
stimulus was located: 0.0°(circles), 3.5° (filled squares), and 7.0°
(triangles).
The limit of angular separation estimated using the
same procedure described above is plotted in Fig. 8B.
The results show that the estimated limit of angular
separation for motion coherence depends on luminance
Fig. 7. (A) Results of Experiment 2 at foveal viewing. The data from all three subjects are averaged, and percentages of each response are shown
as a function of angular separation between neighboring Gabor patches and their Michelson contrast. The percent response was represented on
a gray-level scale, in which the black corresponds to 0% and white corresponds to 100%. (B) Results of Experiment 2 under the eccentricity of
3.5°. The arrows show the positions of functions replotted in Fig. 8A. (C) Results of Experiment 2 under the eccentricity of 7.0°.
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contrast and eccentricity, as did the limit of spatial
separation (Fig. 6B). The angular separation limit-lumi-
nance contrast functions, except that obtained at foveal
viewing, show inverted V-shapes. Each curve shifts up
and to the right as eccentricity increases. At each
eccentricity except zero, the angular separation limit
increases steeply to reach its maximum and then de-
creases gradually. The maximum angular separation,
the peak value of each curve, reached 110° at the fovea,
127° at an eccentricity of 3.5°, and 157° at an eccentric-
ity of 7.0°. Under the assumption previously noted, this
value can be interpreted as the maximum angular sepa-
ration that global-motion units can integrate.
Wilson and Kim [9,19,25] used both standard and
pseudo-plaid patterns to examine the effect of angular
separation on motion integration, and they suggested
that the maximum angular separation under which
motion coherence could be perceived is about 90°. Our
data, in contrast, show that coherent motion is per-
ceived at angular separations of more than 90° when
the contrast is low. This discrepancy might be due to
the different contrast ranges used: the Michelson con-
trast of more than 20% by Kim and Wilson [25], and
the low Michelson contrast used to estimate the maxi-
mum angular separation in the present experiments.
Under high-contrast conditions, the activity of the lo-
cal-motion unit might reduce the relative activity of the
global-motion unit and thus reduce the perceived
strength of motion coherence.
The maximum angular separation integrated to in-
duce coherent motion perception increased as the ec-
centricity increased. This suggests that the directional
selectivity of global-motion unit becomes broader as the
eccentricity increases. Further research will be needed
in order to clarify this point.
4. General discussion
The present study analyzed mechanisms of motion
integration by experimentally investigating the relation
between luminance contrast and the perception of mo-
tion coherency. When the contrast was high, coherent
motion perception was dominant in peripheral viewing
but not in foveal viewing [23]. When the contrast was
low, however, coherent motion was perceived at all
eccentricities. Under low-contrast conditions and with
peripheral viewing, coherent motion was perceived over
broader spatial areas and at wider angular separations.
A global-motion unit with higher contrast gain can be
a basis of coherent motion percept of pseudo-plaid
pattern Fig. 3A, and its receptive field size increases
with eccentricity while integrating component motions
of wider angular separations Fig. 6B and Fig. 8B.
Although the previous discussion has assumed that
the hypothetical local-motion and global-motion units
are linked to the V1 and MT cells, this view is not
adequate, as cortical neurons play functionally different
roles even when they are located in a same cortical
area. For example, some population of MT cells has
been reported to respond to the components of a plaid
pattern rather than to the global pattern motion [42,43].
An activity of component type MT cells might be
reduced when the pseudo-plaid pattern is displayed in
the periphery, since they encompass the different type
of component motions of pseudo-plaid simultaneously
in their large receptive fields. If so, the perception of
coherent motion might be induced by the activity of
pattern-type MT cells, which are assumed to be the site
of motion integration.
However, whether pattern-type cells in MT indeed
combine component motions or only respond to the
second-order or higher-order components of plaid pat-
tern is still unclear. Furthermore, neurons in parts of
the cortical area other than V1 or MT, like V2, V3 or
MST, are known to have directional selectivity [55–58]
which might be activated by the pseudo-plaid pattern.
Our current explanation does not include the role of
these cells in inducing the perception of coherent mo-
tion. A more complete understanding of motion inte-
gration based on physiological framework must await
further studies of neuronal response properties and
patterns of anatomical connectivity. It should be noted,
however, that the main concern of the present study is
not to establish a one-to-one correspondence between
the psychophysical results and the functions of some
selected neurons, but is to develop computationally
plausible ideas about motion integration that are con-
sistent with the known physiological properties of
neurons.
Two main computational models solving the aperture
problem have been proposed [3,4]. One is based on
vector averaging of moving edges, and the other uses
the intersection of constraints (IOC) in velocity space.
Stoner and Albright [3,59] have also suggested that
image properties other than motion must be calculated
before component motions are combined. The effects of
higher-order image properties on motion integration
have been reported in several previous studies
[11,12,60,61].
The studies using a pseudo-plaid pattern, however,
seem to provide psychophysical evidence that the per-
ception of coherent motion is the result of a simple
calculation based on a vector-summing. Experiments by
Mingolla et al. [24] used an array of circular apertures
within each of which a single bar moved at a fixed
speed in a direction perpendicular to its orientation.
When half the apertures contained bars moving in one
direction while the other half contained bars moving in
another direction, subjects reported coherent motion in
the direction of the vector sum. This result has been
taken as strong evidence that the IOC algorithm is not
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implemented in the human visual system [19]. In our
preliminary observations, we confirmed the findings by
Mingolla et al. [24], in which a Type II pseudo-plaid
was perceived to move in the vector-sum direction
rather than in the IOC direction.
When a rigid shape is moved behind several station-
ary apertures, it is perceived to move behind the oc-
cluding plane if the motions of line segments seen
through the apertures are combined [41,62]. In those
studies the depth information on the edge or on the
terminators has been assumed to be the critical factor
to induce rigid motion perception. With a pseudo-plaid
pattern, however, an impression of occlusion is rarely
obtained because the envelope of Gabor patches never
induces an impression as an aperture. This implies that
the local-motion can be integrated even when the depth
information is not coded explicitly. The motion integra-
tion can occur if local-motion signals are spatially
distributed. In the previous studies that used pseudo-
plaid patterns and in the present study, the ’true‘‘
global-motion direction (IOC direction) cannot be
uniquely defined because the pseudo-plaid does not
simulate an object that moves rigidly (Fig. 1). The
visual system nonetheless seems to calculate a global-
motion direction, possibly by using a simple vector-
averaging.
The present experiments showed that when the con-
trast is low the visual system gathers local-motion
signals from broader spatial regions and from more
widely separated directions of motion than it does when
the contrast is high (Figs. 7 and 8). This result can be
considered to reflect a basic property of the visual
system, the trade-off between visual sensitivity and
visual resolution. The scotopic system is well known to
gather information from a wide spatio temporal region
but at the cost of visual resolution [63]. Though this
trade-off of the photopic and scotopic systems can be
explained at the level of the retina, our results indicate
that there is a similar trade-off at the cortical level.
When the contrast is low, the visual system gathers
information with wider receptive fields of global-motion
units, at the expense of accuracy. As contrast increases,
the accurate information is recovered by a stronger
activation of local-motion units with small receptive
fields that can code detailed information.
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